Blood platelets are discoidal, anuclear cell fragments, 1--2 μm in size and are produced from the cytoplasm of bone marrow megakaryocytes[@b1]. They prevent blood loss upon vascular injury[@b2], can induce arterial thrombosis[@b3], and have additional roles in immune defense[@b4], wound healing[@b5], and cancer metastasis[@b6][@b7]. *In vivo*, platelets do not normally interact with the inner surfaces of blood vessels, but they adhere promptly when the vessel wall is altered. Several glycoproteins (GPs) on the platelet surface interact with extracellular matrix proteins on the vessel wall (*e.g.* GPIbIX with von Willebrand factor \[vWF\], GPIaIIa and GPVI with collagen) leading to platelet activation[@b1]. Activated platelets expose GPIIbIIIa (αIIbβ3) in an activated form, which allows binding of fibrinogen[@b8][@b9] and triggers platelet activation and aggregation[@b10]. In parallel, activated platelets release prothrombotic substances from their granules[@b11]. Some of these substances recruit and activate neighboring platelets, while others enhance thrombin generation together with plasma clotting factors. Finally, this leads to formation of a hemostatic plug at the site of endothelial damage which eventually results in blood vessel closure[@b12][@b13].

An increasingly important issue for biotechnological applications in medicine is modulation of platelet activation on various surfaces[@b14][@b15]. However, these processes are not well understood as platelets are difficult to handle because they activate immediately after short contact with non-physiological surfaces[@b16][@b17][@b18], at elevated shear stress[@b19] and upon air contact[@b20]. Among these, platelet activation on surfaces is not only a major drawback for microfluidic devices[@b21], micro- and nano- particulate drug delivery systems[@b22][@b23], and intravascular devices[@b24], but it is also essential for developing tools for direct measuring of platelet mechanics[@b25][@b26].

Platelet-surface interactions have been quantified in real-time using calcium mobilization assays, showing that the lag time until platelets activate depends on the physico-chemical properties of the surface[@b27]. It has been shown that platelets are activated nearly instantaneously upon coming in contact with immobilized fibrinogen and completing their contraction after 15 min[@b28]. Others have provided information regarding morphology[@b17][@b18][@b29], and elastic moduli[@b29][@b30][@b31] of activated platelets under physiological conditions. Although these studies have successfully identified significant characteristics of platelets on a single molecular level, none of these previous studies describes quantitatively single platelet-platelet interactions, neither in activated, nor in non-/weakly activated states.

Single-cell force spectroscopy (SCFS) experiments measure adhesive interaction forces and binding kinetics under physiologically relevant conditions at single cell regimes and contribution of single or a few molecules to such interactions[@b32]. SCFS is increasingly used to study ligand-receptor interactions in living cells[@b33][@b34][@b35], microbial cell adhesion[@b36], integrin and glycocalyx mediated contributions to cell adhesion[@b37], as well as single cell-cell interaction[@b32][@b38]. For measurement of interaction forces between two cells with SCFS, a single cell is immobilized at the end of a cantilever and another cell is fixed on a solid substrate. The cell on the cantilever is brought into contact with the cell on the substrate for interaction, and the rupture force is measured when the cells are separated from each other. One of the difficulties in measuring cell-cell interaction is the weak binding strength between cells and cantilever/substrate, leading to an early cell detachment, and therefore, the cantilever/substrate must be modified to increase cell/surface adhesion. For platelets, however, substrate modification with commonly used cell adhesion materials can lead to rapid platelet spreading and activation. To date, almost all studies involving surface modification have been performed with activated platelets. Minimizing non-specific platelet-surface activation is an urgent need not only for platelet mechanics, but also for designing platelet function testing miniaturized microfluidic devices.

In this study we describe using SCFS a strategy to achieve strong adhesion of a single platelet to an atomic force microscopy cantilever (AFM-cantilever) with no-/or minimal platelet activation, which allows measurements of rupture forces among single platelets. We first monitored platelet activation levels by different materials, that is, collagen, fibronectin, and poly-L-lysine, and determined the most suitable material to modify the AFM-cantilever for immobilization of a single platelet. Individual response of platelets to different material-passivated substrates was utilized to measure the rupture forces among single platelets at different activation states. We have successfully applied our approach to two different systems, that is, native and modified platelets. Our approach has potential application for assessing the interaction of platelets with novel material-based implant surfaces, the mechanical characteristics of acquired/inherited platelet defects, the interactions of platelets with other cells, as well as for biotechnology and pharmaceutical developments.

Results
=======

Platelet activation induced by different materials
--------------------------------------------------

The degree of platelet activation induced by collagen-, fibronectin-, and poly-L-lysine (PLL)-passivated glass surfaces was characterized by comparing platelet morphologies, P-selectin expression levels, and calcium mobilizations. Two types of collagen were used: i) collagen G type I (here called Collagen G), an acid-soluble calfskin collagen, and ii) equine collagen type I reagens Horm (here called Horm collagen). Collagen G is frequently used to create a gel-like substrate for cell culture, while Horm collagen is used as an agonist to induce platelet activation and aggregation in platelet function tests. For all surfaces, scanning electron microscopy (SEM) showed that platelets activate less after 1 min surface contact, and they reach a higher degree of activation after longer contact times (5-, 10-, 15- and 35 min), as indicated by the loss of their discoidal shape and formation of filopodia ([Fig. 1](#f1){ref-type="fig"} and [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). At 15 min after surface contact (a sufficient time frame to complete a SCFS measurement), platelets showed extensive spreading and numerous filopodia on PLL ([Fig. 1A](#f1){ref-type="fig"}) and also on Horm collagen ([Fig. 1B](#f1){ref-type="fig"}) indicating a high degree of activation. However, the activation was weaker on fibronectin ([Fig. 1C](#f1){ref-type="fig"}), and weakest on collagen G ([Fig. 1D](#f1){ref-type="fig"}). At longer surface contact time (35 min), we observed some activation of platelets on collagen G, but highly activated platelets on fibronectin, Horm collagen, and PLL ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The degree of platelet activation due to platelet-surface interaction was also measured based on P-selectin expression levels by immunofluorescence labelling ([Fig. 1E--H](#f1){ref-type="fig"}). P-selectin expression was lowest on collagen G (grey, [Fig. 1I](#f1){ref-type="fig"}) in comparison with fibronectin (red, [Fig. 1I](#f1){ref-type="fig"}), PLL (blue, [Fig. 1I](#f1){ref-type="fig"}), and Horm collagen (magenta, [Fig. 1I](#f1){ref-type="fig"}). In addition, single platelet spreading areas on different passivated substrates were quantified. The area of platelet spreading was smallest on collagen G compared to platelets spreading on Horm collagen, fibronectin, and PLL ([Fig. 1J](#f1){ref-type="fig"}). The lower spreading level also indicates that platelets are less activated on collagen G than on other passivated substrates, which is consistent with the measurement of P-selectin expression levels and observations of morphology by SEM.

Furthermore, platelet aggregation induced by different materials in solution was tested by platelet aggregometry using both platelet-rich plasma and washed platelets. With platelet-rich plasma, Horm collagen induced immediately platelet aggregation at concentration of 5 μg/ml, while collagen G did not ([Supplementary Fig. 2A](#S1){ref-type="supplementary-material"}). However, collagen G at 20 times higher concentration (100 μg/ml) did induce platelet aggregation but still after a much longer lag phase, while PLL did not induce platelet aggregation. With washed platelets ([Supplementary Fig. 2B](#S1){ref-type="supplementary-material"}), Horm collagen also induced immediately platelet aggregation at concentration of 5 μg/ml, while collagen G only induced platelet aggregation at 20 times higher concentration (100 μg/ml). With washed platelets, the lag time until platelet aggregation induced by collagen G (100 μg/ml) was also shorter compared to the lag time in platelet rich plasma. These results indicate that equine Horm collagen induces platelet aggregation much stronger than collagen G. Whether this is due to different interaction of the different collagens with the platelet receptors GPIa/IIa and GPVI, or different interaction of von Willebrand factor and these collagens[@b39] requires further studies. PLL (100 μg/ml) induced aggregation of washed platelets and reached a similar maximum as thrombin receptor activating peptide (TRAP 6) or Horm collagen but at much shorter lag phase (34.2 s *vs* 53.2 s and 68.2 s, respectively). PLL induced aggregation in washed platelets but not in platelet-rich plasma, which may be due to the fact that PLL charges were neutralized by proteins available in plasma. These observations are consistent with Guccione *et al.*[@b40] who showed that PLL caused aggregation after a longer lag phase in platelet-rich plasma. In addition, we performed calcium mobilization imaging using Fluo-4 AM loaded platelets and observed minimal platelet spreading and delayed release and mobilization of calcium in platelets on collagen G, but maximal mobilization of calcium on PLL ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"} and [Supplementary Movies 1](#S1){ref-type="supplementary-material"},[2](#S1){ref-type="supplementary-material"},[3](#S1){ref-type="supplementary-material"}--[4](#S1){ref-type="supplementary-material"}). Overall, we conclude that platelet activation is weakest on collagen G, intermediate on fibronectin, and strongest on PLL.

Establishment of a strong adhesion between platelet and AFM-cantilever
----------------------------------------------------------------------

In order to further understand the interaction behavior of platelets on the investigated materials, we measured the interaction forces between single platelets and different material-passivated substrates. To create a platelet-probe, a tipless cantilever was first passivated by incubation with collagen G, and then brought into contact with a loosely bound platelet on collagen G passivated substrate for adhesion ([Fig. 2 A](#f2){ref-type="fig"}). After 3--5 min, the cantilever was gently lifted up picking a single platelet from the substrate ([Fig. 2B,C](#f2){ref-type="fig"}). The platelet-probe was then brought into contact ([Fig. 2D](#f2){ref-type="fig"}) with collagen G, fibronectin, and PLL-passivated glass for 15 min to allow the platelet to adhere and spread ([Fig. 2E](#f2){ref-type="fig"}), during which the cantilever is pulled down and bent. This deflection of the cantilever was then converted into spreading force (F~s~) ([Fig. 2E](#f2){ref-type="fig"}), that was defined as the force required for single platelet adhesion and spreading (or activation) on the material-passivated substrate. After 15 min of contact ([Fig. 2F](#f2){ref-type="fig"}), the spreading force of the platelet on collagen did not significantly change (only 5 ± 3 nN) (black trace), while it increased to 23 ± 5 nN on fibronectin (red trace), and to 35 ± 4 nN on PLL (blue trace). The magnitudes of spreading forces during force field evolution reveal that platelets spread weakest on collagen, stronger on fibronectin, and strongest on PLL. Moreover, the results also indicate that the platelet was still adherent on the collagen-passivated cantilever even though a strong force (≥35 ± 4 nN) pulled it away from the cantilever. Since the interaction/rupture force between two cells is typically known of being only several nanonewtons[@b37], the strong adhesion force between collagen and platelet was sufficient to maintain the platelet on the cantilever during SCFS measurements. We, therefore, selected collagen G as a material to adhere platelets on the AFM-cantilevers for single platelet-platelet interaction measurements.

Rupture forces between platelets at different states of activation
------------------------------------------------------------------

Our findings were first applied to measure the rupture force among native platelets. We measured the interactions of three platelet-platelet pairs: i) a non-/weakly activated platelet with a non-/weakly activated platelet, ii) a non-/weakly activated platelet with a partially activated platelet, and iii) a non-/weakly activated platelet with an activated platelet. To generate different degrees of activation, platelets were immobilized on a glass surface passivated either with collagen G, fibronectin, and PLL as substrates to form non-/weakly-, partially-, and strongly activated platelets, respectively. The rupture force between two single platelets was measured by approaching the platelet-probe to another platelet on material-passivated substrate ([Fig. 3A--C](#f3){ref-type="fig"}), followed by the retraction of the cantilever from the substrate. With this setup, the interaction forces between two single platelets, in which the platelets on the passivated substrates exposed different degrees of activation, were measured. As a control, a platelet agonist TRAP 6 was added to the set-up in which platelets were immobilized on both cantilever and substrate *via* collagen G.

Platelet activation leads to release of dense and alpha-granules packed with a wide variety of molecules, collectively called as the platelet secretome consisting up to 300 distinct proteins[@b11][@b41]. These proteins (called here as mediators, dark cyan strings between two platelets, [Fig. 3D--F](#f3){ref-type="fig"}) upon release from activated platelets play a key role as bridging molecules between platelets (such as fibrinogen and vWF)[@b10][@b42]. The degree of platelet activation influenced by different agonists may determine the type and quantity of the released mediators, which in turn, might result in the differences in the magnitudes of binding forces observed. In addition platelet activation results in inside-out signaling with activation of integrins, which in turn bind more bridging molecules. According to the results of aggregometry, P-selectin expression, calcium signaling, and platelet morphology, we assume that the number of mediators between two platelets is lowest on collagen ([Fig. 3D](#f3){ref-type="fig"}), higher on fibronectin ([Fig. 3E](#f3){ref-type="fig"}), and highest on PLL ([Fig. 3F](#f3){ref-type="fig"}). [Figure 3G](#f3){ref-type="fig"} presents typical retraction curves for platelet-platelet interaction obtained when platelets were immobilized on collagen (black), fibronectin (red), and PLL (blue). The short range adhesion force (F~SR~) shows a maximum interaction between two platelets, while the saw-tooth like parts ranging from 0 μm to about 6 μm indicate the rupture of mediators between membrane receptors of the platelet-platelet pairs. The different force heights of the saw-tooth like peaks could be attributed to the ruptures of multiple and possibly dissimilar proteins between two platelets. The long range rupture force (F~LR~), *i.e.*, the final saw-tooth like point, is the rupture force of the last mediator between two platelets before they completely separate from each other. Here, we analyzed the short range adhesion force (F~SR~) to quantify the maximal interaction forces between single platelets.

In order to quantify the interaction force between single platelets, we recorded at least 500 force-distance (F-D) curves from 7 to 10 platelet-platelet pairs for each experiment within 15 min on each passivated substrate and collected the adhesion forces (F~SR~) in a histogram for analysis. The average adhesion force values and their corresponding errors were obtained by fitting the histogram with Gaussian fits ([Fig. 4A](#f4){ref-type="fig"}) for platelets on collagen (black), platelets on collagen in the presence of TRAP 6 (grey), fibronectin (red), and PLL (blue). The interaction force of the platelet/platelet pairs ([Fig. 4B](#f4){ref-type="fig"}) was lowest on collagen (1.50 ± 0.05 nN) (black), higher on TRAP 6 (2.1 ± 0.33 nN) (grey), fibronectin (2.01 ± 0.05 nN) (red), and highest on PLL (2.61 ± 0.04 nN) (blue).

However, both long and short range forces do not describe the whole interaction landscape of all mediators between two platelets. After rupturing at the maximal force (F~SR~), rupture of the mediators still occurred during platelet separation, as indicated by the saw-tooth like structures ([Fig. 3G](#f3){ref-type="fig"}). These ruptures occurred in between the short and long range interactions. In order to better quantify all mediators which appeared between two platelets, we analyzed the dissipation/interaction work (W) using the area under the curve below the zero line (shaded area, W, [Fig. 5A](#f5){ref-type="fig"}). The energy dissipated during this lift-off process was the shaded area confined by the starting point (distance = 0, force = 0) and the final detachment event (distance = D, force = F). The average interaction work was calculated by integrating interaction force (f) at each individual rupture distance (d): [@b43][@b44]. The calculation was provided by the JPK data processing software.

The dissipation work of platelet-platelet pairs ([Fig. 5B](#f5){ref-type="fig"}) was found to be lowest on collagen G (1.40 × 10^−16^ ± 0.04 × 10^−16 ^J) (black), higher in the presence of TRAP 6 (2.72 × 10^−16^ ± 0.07 × 10^−16^ J) (grey), on fibronectin (2.12 × 10^−16^ ± 0.05 × 10^−16^ J) (red), and highest on PLL (3.73 × 10^−16^ ± 0.08 × 10^−16^ J) (blue). The dissipation work during rupture of platelet-platelet pairs followed the same pattern as observed for the interaction force (described in [Fig. 4](#f4){ref-type="fig"}), that is, lowest on collagen, higher on fibronectin, and highest on PLL. In addition, we observed multiple peaks in the work distribution histogram, which were not possible to recognize from the force distribution histogram for platelets on PLL ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). These multiple peaks point toward the rupture of several mediators between two platelets.

The different rupture forces or dissipation work were dependent on the level of platelet activation, which proved that our experimental setup allows measurement of differences among single platelets exposing different degrees of activation.

Rupture forces among modified platelets
---------------------------------------

We then applied our approach to measure the rupture force among platelets treated with receptor blockers. GPIIbIIIa is the major receptor for fibrinogen and plays the most important role in platelet-platelet interactions, platelet-plug stability in hemostasis and platelet aggregation. We tested whether blocking of GPIIbIIIa receptors using abciximab, a F~ab~ fragment of a monoclonal antibody, which binds to the ligand binding site of GPIIbIIIa, allows the measurement of additional platelet-platelet rupture forces. We found that the rupture forces between two platelets (red dots, [Fig. 6](#f6){ref-type="fig"}) after blocking GPIIbIIIa receptors, were significantly reduced, when the basal platelet was immobilized on collagen ([Fig. 6A](#f6){ref-type="fig"}) and on fibronectin ([Fig. 6B](#f6){ref-type="fig"}), but less reduced when it was immobilized on PLL ([Fig. 6C](#f6){ref-type="fig"}) as compared to native platelets (black dots, [Fig. 6](#f6){ref-type="fig"}). Besides the reduction of rupture forces using inhibitors, we also observed by confocal microscopy a reduction of platelet spreading on collagen ([Fig. 6D](#f6){ref-type="fig"}), fibronectin ([Fig. 6E](#f6){ref-type="fig"}) and PLL ([Fig. 6F](#f6){ref-type="fig"}) when GPIIbIIIa was blocked.

Discussion
==========

The present study provides a method to measure forces generated during platelet spreading on different substrates and the rupture forces between two single platelets. Our data provide insight into the interaction among platelets at different degrees of activation. To achieve this, we first had to create a strong adhesion force between single platelets and the AFM-cantilevers to avoid early detachment of the platelet from the cantilever, while in parallel, platelet activation by the cantilever surface had to be minimized.

For SCFS, a time frame from milliseconds to tens of minutes[@b45] is required to complete a measurement set (F-D curves of \~500 for each individual condition). During this time, platelets may become activated resulting in a change of measured forces. Previous studies have shown that activated platelets on a substrate exhibit a progression of morphological changes from dendritic to fully spread forms[@b46][@b47][@b48].

Among the investigated substrates (e.g. collagens, fibronectin and PLL), we observed that platelets spread and activated slowest on collagen G, that is, they kept their non-/weakly activated form for up to \~30 min upon surface-contact. It was surprising to find that collagen G-passivated glass substrate slowed down platelet-surface activation, while it is known that collagen is a platelet agonist which interacts with GPIa/IIa (integrin α2β1) and GPVI on the platelet membrane[@b49]. We therefore, carefully compared the reactivity of platelets with collagen G and with the collagen widely used for platelet activation studies (Horm collagen) by different techniques (aggregometry, P-selectin expression, calcium signaling, and platelet morphology) and found that Horm collagen-passivated substrate strongly activate platelets. The delay in the onset of platelet activation on collagen G when used as a passivating material on substrates becomes an interesting approach for many other applications such as investigation of platelet mechanics in diseases, or microfluidic platelet function testing devices.

We found that the stiffness and thickness of the passivated matrix layers formed by the investigated materials are correlated with spreading of platelets. Indentation depth of the gel formed by collagen G was \~200 nm and only \~100 nm for Horm collagen, while the Young's moduli were 1.561 ± 0.013 kPa and 2.315 ± 0.122 kPa for collagen G and Horm collagen, respectively ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Recently, Kee *et al.* reported that stiffness of collagen-conjugated polyacrylamide gels affects platelet adhesion, spreading, and activation, and showed that the boundary between weak and strong platelet activation is at the stiffness of 5 kPa[@b50]. Here we also found that platelets spread slowest on the softest surface (collagen G) and faster on stiffer surfaces (Horm collagen, fibronectin and PLL).

Strong platelet spreading and activation on PLL is attributed to the combinational effects of surface stiffness and PLL's functionality in platelet-induced aggregation. Consistent with previous studies[@b40][@b51][@b52], PLL which is frequently used to immobilize cells for studies of cell mechanics, strongly activated platelets due to the electrostatic interaction between platelet membrane and positively charged PLL[@b51][@b53]. For a thin coating layer, platelets 'sense' the stiffness of the substrate, and therefore, spread and activate faster on fibronectin or PLL than on collagen G. Potentially, instead of spreading on collagen G gel, platelets penetrate because they are stiffer (1--50 kPa)[@b30] than collagen G gel (\~1 kPa) ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}).

Surprisingly, platelets activate slowly although they bind strongly to collagen G (\~35 nN, [Fig. 2](#f2){ref-type="fig"}). The strong binding is consistent with the investigations of Lam *et al.*[@b28]. Most probably platelets settle on collagen networks and form pseudopodia at the bottom of the platelet, which "anchor" in the corresponding tiny holes of the collagen G network ([Supplementary Fig. 5B](#S1){ref-type="supplementary-material"}). The high force magnitude (\~35 nN) is sufficient to maintain the platelet on the cantilever during SCFS measurements since the interaction forces between two cells were normally about only several nanonewtons. At the same time, platelets did not show typical signs of major shape change, spreading and activation for a period of about 30 min. We, therefore, selected collagen to adhere platelets on the AFM-cantilevers for single platelet-platelet interaction measurements.

During thrombus formation, not only the first layer of platelets binding to a thrombotic surface matters, but also the subsequent interactions with surrounding platelets and other blood cells (e.g., leukocytes) which play a role in hemostasis and innate immune defense mechanisms. Our method allows addressing these secondary interactions by measuring the rupture force between two single platelets. We first applied this approach to quantify the rupture forces of the native platelet-platelet pairs, in which a single platelet was always attached to the cantilever and the other platelet was immobilized on substrates passivated with different materials. We found the lowest rupture force when the platelet was immobilized on collagen-passivated substrate, higher on fibronectin, and highest on PLL. These different rupture forces are a composite of the activation state of platelet surface receptors and binding partners of these receptors, such as von Willebrand factor, vitronectin, or fibrinogen. Since the SCFS experiments were performed with washed platelets, there were no additional plasma proteins and therefore, proteins involved had to be released during platelet activation, e.g. from the platelet alpha-granules[@b10]. It is therefore, no surprise that the magnitude of the platelet-platelet interaction forces correlated with the level of platelet activation.

To show the potential of SCFS to unravel single parts of the multiple and complex platelet-platelet interactions, we next specifically inhibited one type of platelet receptor, i.e., GPIIbIIIa which is the major integrin on the platelet surface (\~80 000 copies/platelet)[@b54] and plays the most important role in platelet aggregation.We blocked the GPIIbIIIa receptors using abciximab (a F~ab~ fragment of a monoclonal antibody, which blocks the ligand binding site of the GPIIbIIIa). Not surprisingly, the rupture forces between two platelets after blocking GPIIbIIIa receptors were strongly reduced. However, interaction forces were still present. The results show that specific blocking of targeted receptors on the platelet surface allows measuring of the interactions of platelets *via* other receptors than GPIIbIIIa, and further underscore the power of SCFS to characterize the interactions between single platelets and platelets with artificial surfaces, as well as its potential to quantify the impact of pharmacologic drugs on platelet mechanics.

We have described the change in platelet-platelet interaction in terms of adhesion force. However, analysis of adhesion force does not reflect the whole interaction landscape of all mediators between two platelets. By analyzing the dissipation work (W), we obtained some additional details. First, by considering the interaction between platelets on collagen as a background, we found that the ratios of dissipation work (R~W~ = W~fibronectin~ : W~collagen\ G~ \~ 1.5 and R´~W~ = W~PLL~ : W~collagen\ G~ \~ 2.7) increased considerably more than those of rupture force (R~F~ = F~fibronectin~ : F~collagen\ G~ \~ 1.3 and R´~F~ = F~PLL~ : F~collagen\ G~ \~ 1.7). The increase of the ratios indicates that the impact of mediators between platelets can be better quantified by considering dissipation work as compared to adhesion force. Second, we observed multiple peaks in the work distribution histogram, which were not possible to recognize from the force distribution histogram. These multiple peaks show the rupture of many mediators between two platelets. As outlined above, inhibition of certain receptors with specific reagents, or the use of knock-out platelet models can be applied to further characterize these interactions.

Despite being the first method allowing characterization of the mechanics of platelet-platelet interactions, our approach has some limitations in addition to general limitations occurring in single cell force spectroscopy measurements such as low throughput, time constraints involved and thermal drift during AFM[@b45]. Moreover, due to gradual activation of platelets (≥30 min), long term kinetic measurements are difficult to interpret mechanistically; hence we limited our SCFS measurement window to ≤15 min. We also use the term non-/weakly activated platelets throughout the manuscript because it is likely impossible to prepare washed, immobilized platelets without inducing platelet activation. As assessed by morphologic characteristics and the more sensitive calcium influx, we observed no indication for major platelet activation. Nevertheless, experiments using the described method should be completed within 30 min. Thereafter, artifacts caused by platelet activation/aggregation and molecules released from platelet secretome need to be considered. Second, transferring the platelet-probe to other samples may result in detachment of the platelet from the cantilever due to capillary force (up to hundreds of nN). We are currently working on overcoming this limitation by generating patterned surfaces which allow functionalization of the same substrate with various materials without the need of changing sample.

Our SCFS approach opens a wide range of applications to assess the impact of platelets in biotechnology. It allows measurement of platelet activation by different materials used for intravascular devices (*e.g.* vascular grafts, intravascular stents); the impact of drugs on platelet-surface interaction as well as platelet-platelet interaction. In combination with specific inhibitors as well as targeted knock-out mice for specific platelet proteins, our method enables a wide range of experimental approaches to better understand the interplay between platelets, surfaces, and drugs.

Methods
=======

Scanning electron microscopy (SEM) imaging of platelets
-------------------------------------------------------

24 mm round glass coverslips or silicon chips (Plano GmbH, Wetzlar, Germany) were cleaned as previously described[@b55]. The freshly cleaned substrates were then incubated for 3 h at 37 ^o^C in 50 μg/mL fibronectin or collagen G type I (an acid-soluble calfskin collagens, Biochrom GmbH, Berlin, Germany) or Horm collagen (a collagen Reagens Horm from horse, Takeda, Singen, Germany) or 100 μg/mL Poly-L-Lysine (PLL) molecular weight 70--150 kDa (Sigma Aldrich, Darmstadt, Germany). To investigate the influence of surface roughness induced by collagen G, 50 μg/mL collagen G was incubated at 37 ^o^C overnight. Subsequently, these material-passivated substrates were rinsed three times with phosphate buffered saline (PBS), and dried under nitrogen stream. An aliquot of 10 μl of healthy human donors at a density of 3 × 10^5^ platelets/μl, washed as previously described[@b56], were dropped on the freshly-passivated substrates and kept at room temperature (RT) for 1-, 5-, 15-, and 35 min. Fixing and gold-coating of platelets were performed as described[@b55].

Calcium mobilization assay and immunofluorescence microscopy
------------------------------------------------------------

Glass-bottom 35 mm dishes (IBIDI, Martinsried, Germany) were exposed to UV cleaner (Bioforce Labs, Ames, IA, USA) for 30 min. Then, they were passivated with collagens (50 μg/ml), or fibronectin (50 μg/ml), or PLL (100 μg/ml) as described above. Subsequently, washed human platelets obtained from healthy volunteers after informed consent (3×10^5^ platelets/μl) were incubated with 5 μM Ca^2+^ indicator Fluo-4 AM (Life Technologies GmbH, Darmstadt, Germany) for 20 min in dark at RT and washed twice to remove excess dye. Subsequently, 25 μl samples of platelet suspensions of the Fluo-4 AM platelets were pipetted onto the passivated substrates and images were recorded continuously for 15 min with an interval of 6 seconds in sequential scanning mode at RT on an Leica TCS SP5 confocal microscope (Leica GmbH, Wetzlar Germany). For imaging of platelet-platelet pair on the cantilever and on the substrate, platelet on the cantilever was incubated with Vybrant DiD ex. 644/em.665 (red), while platelet on the substrate was incubated with Vybrant DiO ex.488/em.501 (green) (Cat. No.: V-22889, Eugene, OR 97402, United States).

Platelet activation was measured by immunofluorescence detection of P-selectin. Briefly, 200 μL platelet suspension (15 × 10^3^/μL) was incubated with passivated glass surfaces for 15 min followed by fixing in 3.7% paraformaldehyde for 30 min and quenching for 5 min in 30 mM glycine/PBS, pH 7.5. Fixed, non-permeabilized platelets were incubated with mouse anti-human CD62P monoclonal antibody (Cat.No. 555522, BD Pharmingen, San Jose, CA, U.S.A) at 20 ng/mL in 0.1% v/v BSA in PBS at 4 °C for 16h followed by incubation with goat anti-mouse Alexa Fluor 647 antibody at 2 μg/mL in 0.1% v/v BSA in PBS at 25 °C for 90 minutes. Phalloidin Atto565 (AD 565--81, ATTO-TEC GmbH, Siegen, Germany) was used at 5 pM in PBS to label platelet actin cytoskeleton. Fluorescence images were acquired on a Leica TCS SP5 confocal laser scanning microscope (Leica GmbH,Wetzlar, Gemany). Image processing and quantitation was performed with Imaris (version 7.6.5, Bitplane AG, Zurich, Switzerland), DIP image MATLAB tool box and ImageJ (Rasband, W. S., ImageJ, U.S. National Institutes of Health, Bethesda, MD, 1997_2012, <http://imagej.nih.gov/ij>). Statistical analysis was carried out on Prism 5 (version 5.03, GraphPad Inc. La Jolla, CA, United States). Statistical comparisons of experimental groups were evaluated by paired 2-tailed Student t test. A *P* value \< 0.05 was considered statistically significant.

Platelet aggregation assay (Aggregometry)
-----------------------------------------

Platelet aggregation was monitored by recording changes in light transmission with the use of an aggregometer APACT 4S Plus (Dyasys Greiner Gmb, Flacht, Germany) as previously described[@b57]. Either platelet-rich plasma prepared as described[@b58] or washed platelets (3 × 10^5^ platelets/μl) were used. TRAP 6 (20 μg/ml) (Bachem, Bubendorf, Switzerland) as a control, or Horm collagen (5 μg/ml), or collagen G (5-, and 100 μg/ml), or PLL (100 μg/ml) was added to platelet suspension at 37 ^o^C and platelet aggregation trace (%) was continuously recorded. For comparison, the same blood donors were used for every set of measurement.

Determination of surface stiffness
----------------------------------

A 7.27 μm silica beads (Bangs Laboratories, Indiana, USA) were adhered to a silicon CSC12 tipless cantilevers (MicroMasch, Tallin, Estonia). To avoid adhesion of material-passivated substrates to the bead during measurements, beads were exposed to UV cleaner (Bioforce Labs, Ames, IA, USA) for 30 min prior to incubation with 1% PEG-silane 6--9 units (abcr GmbH, Karlsruhe, Germany). The cantilever spring constants were independently measured by a thermal tune procedure as previously described[@b59]. Then, force-distance (F-D) curves were performed on bare glass and glass surfaces passivated with 50 μg/ml collagen G or Horm collagen, or 50 μg/ml fibronectin, or 100 μg/ml PLL at a speed 1 μm/s and a setpoint of 300 pN. The Young's modulus was determined by the indentation depth (σ) induced between the slope of the material and the slope of the bare glass applying Hertz model[@b30][@b60] using a spherical tip shape, which was available in the JPK software. For each material passivated substrate, 300 F-D curves were recorded at 5 random points over the entire surface, and the average value as well as its corresponding standard error was determined from these measurements by Gaussian fits using Origin software (version 8.6, OriginLab Corporation, Northampton, MA, USA).

Immobilization of platelet on AFM cantilever
--------------------------------------------

Silicon CSC12 tipless cantilevers (MicroMasch, Tallin, Estonia) with a nominal spring constant of 0.6 N/m were first exposed to UV cleaner (Bioforce Labs, Ames, IA, USA) for 30 min. Before coating, the cantilever spring constants were independently measured by a thermal tune procedure as previously described[@b59]. Then, the cantilevers were incubated in 50 μg/ml collagen G for 3 h at 37 ^o^C and rinsed three times with PBS. The freshly-passivated cantilever was mounted to the AFM cantilever holder, while the material-passivated glass bottom 35 mm dishes (as described in the previous section) was installed on the AFM scanning stage. For SCFS experiments, an aliquot of 15 × 10^3^ platelets/μl in PBS containing 1.0 mM CaCl~2~ and 0.5 mM MaCl~2~ was dropped onto the passivated glass right before each measurement. To immobilize a single platelet on the cantilever, the collagen passivated-cantilever was brought into contact with a loosely bound and non-activated platelet on the collagen-passivated substrate for 3--5 min. The cantilever with the adhered platelet was then moved to other immobilized platelets on each material-passivated substrate for SCFS measurement. Immediately, the collagen-passivated cantilever was brought into contact with the platelets on the passivated-substrate for immobilization of an inhibited platelet on the cantilever.

Single-platelet force spectroscopy
----------------------------------

All measurements were carried out in PBS using a JPK NanoWizard 3 (JPK, Berlin, Germany). Force distance (F-D) curves were recorded with a Z-length of 7 μm and a setpoint value of 300 pN to control the maximal force of the cantilever against the surface. A velocity of 15 μm/s was used for all measurements to avoid merging of two platelets during contact and to rupture completely two platelets from each other. For each passivated-substrate, 500 force-distance curves were taken on 7 to10 platelets. The measurements were repeated at least three times using independently freshly prepared platelets from different donors on both cantilevers and passivated-substrates. For studies with the receptor inhibitor abciximab, platelets were incubated with 50 μg/ml abciximab (Reopro, Lilly Deutschland GmbH, Giessen, Germany).

AFM Data analysis
-----------------

The rupture force (F) and the work area (W) were extracted directly from the retraction curve of the force-distance (F-D) curves using the JPK data processing software (version 4.4.18+). The most probable rupture force and work area values together with their corresponding errors were determined by Gaussian fits using Origin software (version 8.6, OriginLab Corporation, Northampton, MA, USA).

Ethics
------

The use of human platelets obtained from healthy volunteers after informed consent has been approved by the University of Medicine Greifswald ethics board. The methods were carried out accordingly with the approved guidelines.
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![Characteristics of platelet-surface activation.\
SEM toghether with P-selectin and actin indicators show that platelets activate rapidly on PLL (**A,E**) and Horm collagen (**C,G**), slower on fibronectin (**B,F**), while they keep their spherical shape on collagen G (**D,H**) after 15 min surface-contact. **(I)** P-selectin level is lowest for platelets on collagen G (black), higher on fibronectin (red), followed by PLL (blue) and highest on Horm collagen (magenta). (**J**) Spread area of platelets on PLL (blue), fibronectin (red) and Horm collagen (magenta) are significantly higher than on collagen G (black). The thin filopodial extensions and irregular shape are characteristics of activated platelets. Platelets used for calculation: for each experimental condition n = 340 for P-selectin (**I)** and n = 360 for platelet spread area (**J**).](srep25402-f1){#f1}

![Single platelet spreading within 15 min on material-passivated substrates.\
(**A**) Collagen G-passivated tipless cantilever is brought to a loosely bound platelet (**red**) on collagen G for adhesion. (**B**) Cantilever with a single platelet is slowly moved up from the substrate. (**C**) Confocal laser scanning microscopy image of the single platelets stained with Vybrant DiD ex. 644/em.665 (red) at the end of an AFM cantilever. (**D**) Platelet-probe is brought into contact with material-passivated glass. (**E**) During activation, platelet spreads and pulls down the cantilever resulting in a spreading force (*F*~*s*~). (**F**) The spreading force induced by platelets is low on collagen G (**black trace**), higher on fibronectin (**red trace**), and highest on PLL (**blue trace**).](srep25402-f2){#f2}

![Schematic illustration of single cell force spectroscopy.\
A single platelet (**red, a**) is brought into contact with another platelet on the substrate (**green, A**) for interaction **(B)** as indicated by merging of two colors in the confocal laser scanning microscopy image **(C)**. Cartoon of platelet-platelet interaction, when the platelet on the substrate is adhered to different materials, which results in different degrees of platelet activation and/or release of different molecules (named mediators) (**dark cyan in D-F**). Mediators become adhesive factors between the platelet on the cantilever and the platelet on the substrate: lowest level on collagen G **(D)**, higher on fibronectin **(E)**, and highest on PLL **(F)**. When the cantilever is separated from the substrate, the adhesion force between two platelets will be measured. **(G)** Typical retraction curves obtained when the platelet on the substrate is attached to collagen G (**black**), fibronectin (**red**), or PLL (**blue**) showing the short range adhesion forces (*F*~*SR*~) and long range adhesion forces (*F*~*LR*~).](srep25402-f3){#f3}

![Rupture forces among single platelets exposing different degrees of activation.\
(**A**) Histograms showing rupture forces between the platelet-probe and platelet immobilized on collagen G (black), collagen G in the presence of TRAP 6 (grey), fibronectin (red), and PLL (blue). Solid lines are the corresponding Gaussian fits to the data. (**B**) Average rupture forces with the corresponding standard errors collected from three independent experiments. F~SR~ = short range forces.](srep25402-f4){#f4}

![Dissipation works among single platelets exposing different degrees of activation.\
(**A**) Dissipation work required to separate the platelet on the cantilever from the platelets on collagen G (black), collagen G in the presence of TRAP 6 (grey), fibronectin (red), or PLL (blue). (**B**) Dissipation work obtained from one typical experiment when the basal platelet is immobilized on collagen G (black), collagen G with TRAP 6 (grey), fibronectin (red), or PLL (blue). Solid lines are Gaussian fits.](srep25402-f5){#f5}

![Rupture forces among single modified platelets.\
Rupture force *vs* rupture distance measured in the absence (**black**) and presence (**red**) of abciximab, an inhibitor of GPIIbIIIa. When platelets are preincubated with abciximab, the rupture force reduces on collagen G (**A**), fibronectin (**B**), and PLL (**C**). The corresponding fluorescent images show platelets (cytoskeleton labelled with Phalloidin Atto565) incubated with abciximab on collagen G (**D**), fibronectin (**E**), or PLL (**F**).](srep25402-f6){#f6}
